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Abstract
Weproposeandanalyzea specificsetof accessrules,or “spec-

trum etiquette,” for the
���

- ��� GHzunlicensedbandto allow sys-
temsfromdifferentmanufacturers with differentphysicaland
medium-accesscontrol protocolstoco-exist,sharingthelargeavail-
able bandwidthwithout interference. The proposedetiquetteis
uniquein thatheterogeneoussystemsareableto co-existwith one
another, without monitoring the entire band,by meansof trans-
missionsover a common,narrow band control channelusedto
establishcollision-freetransmissionschedulesover the channels
allocatedfor data transmissionwithin the

���
- ��� GHzband. Be-

causeno commonphysicallayer canbeassumedamongdifferent
systems,thecontrol channelis neededfor thesystemsto schedule
transmissionsin therestof theband,andtheonlymeansbywhich
systemscancommunicatewith oneanotherover thecontrol chan-
nel is the duration of each others’ transmissions,which are per-
ceivedonlyasnoise. A transmissionencodingis definedbasedon
thisbasicfeedback to allow systemsto ascertainwhich systemcan
usewhich datachannelat which timewithout interference. Ana-
lytical andsimulationresultsare presentedshowingthat thepro-
posedetiquetteis fair to all the co-existingsystems,fully utilizes
thespectrum,providesboundeddelaysfor data-channelacquisi-
tion timebyanygivensystem,andprovidesminimumchannel-use
guarantees.

���
	���
������������ ��	
In theU.S.,theFederalCommunicationsCommission(FCC)made
available ��� � GHzof spectrumandestablishedtechnicalrulesthat
permittheintroductionanddevelopmentof communicationstech-
nologiesin the millimeter wave frequency bandsabove ��� GHz
[4]. EuropeandJapanarealsoconsideringcommercialusesof
millimeterwave technology.

The term ”millimeter wave” is taken from the fact that the
wavelengthof radiosignalsbetween��� GHzand ����� GHzranges
from  �� millimetersdown to  millimeter. TheFCCactionmakes
availablethreefrequency bands:��!"� � - ��!"� # GHz,

���
- �$� GHz,and!$� - !�! GHz,for unlicensedvehicleradarsystemsandgeneralpur-

poseunlicenseddevices. The
�$�

- �$� GHz bandwassetasideas
a generalunlicensedband. This is an unprecedenteddecisionin
termsof bandwidthbeingmadeavailableandthe lack of regula-
tory constraints.

The
���

- ��� GHz bandcouldbeusedfor wide bandwidthcom-
putercommunicationover point-to-pointwirelesslinks at data
speedsthatmayexceed

�
Gbps.This would extendthedatarates

currentlyavailableto a fixeduserthroughfiber optic cable.How-
ever, equipmentmay not be operatedon this band,until an eti-
quettehasbeendefinedfor its use.In this context, anetiquetteis
a specificsetof accessrules that permitsmultiple systemsfrom%
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differentmanufacturersto sharethebandwidthwithout unduein-
terference,andwithout requiringthe manufacturersto adhereto
thesamemedium-accesscontrol (MAC) or physical-layer(PHY)
communicationprotocols.Severalcompanies,includingHewlett-
Packard,Apple,Sun,Motorola,HughesResearch,EatonDivision
of Cutler-Hammer, Rockwell International,andMetricomamong
others,have begun defininga spectrumetiquettefor sharingthis
band[6]. Themainchallengein thedefinitionof suchanetiquette
is the hugebandwidththat is being madeavailable, which pre-
cludessystemsfrom listeningover theentirebandto try to prevent
interference.Accordingto theFCCregulations[4], within the

���
-�$� GHz band,thepower densityof any emissionshallnot exceed�'&)(+*',.-0/

at a distanceof � meters. The power densityof any
emissionsoutsidethe

���
- ��� GHzbandmustconsistsolelyof spu-

riousemissionsandmustnot exceed
� ��1 (+*$,�- / at a distanceof� meters.Thepowermeasurementswill beaveragemeasurements

basedona  MHz bandwidth.Within thisconstraints,theetiquette
shouldfulfill thefollowing requirements[4, 6]:2 The etiquetteshouldprovide a substantialreductionin the

probabilityof interferencebetweenco-existingsystems.2 The etiquetteshouldseekto promoterealizationof high-
speedcommunicationswhileattemptingnotto forecloselow
speedcommunications.2 The etiquetteshouldbe flexible enoughto allow as many
applicationsaspossibleto effectively co-exist in theband.2 The etiquetteshouldnot have a major negative impacton
theeconomicfeasibilityof systems.2 The etiquetteshouldprovide for the diverseneedsof both
continuous-connectionandburst-modesystems.2 In all portionsof thebandwhereetiquetteapplies,only one
etiquetteshouldbeused.2 Theetiquettemustbekeptsimple.To thisend,effectiveness
maybe tradedoff for simplicity. Theetiquettemustuseas
few layersaspossiblein thestandardOSIstack.2 Theetiquettemustpromoteefficientuseof thespectrum.2 Theetiquettemustbeopenandnon-proprietary, it musthave
openly-availablesetof procedures.

In this paper, we proposea listen-before-transmitetiquettefor
heterogeneoussystemsimplementingdifferentPHYandMAC pro-
tocolsandbasedon power sensingover a controlchannelusedto
scheduleaccessto the restof the band,which is partitionedinto
datachannels. Eachsystemconsistsof any set of nodesusing
the samePHY and MAC protocols,and two nodesfrom differ-
entsystemscannotdecodeoneanother’s transmissionsin any data
channelof theband.Eachdatachannelis meantto beusedby an
individualsystem(i.e.,twoormorenodesusingthesamePHYand
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MAC layers)on long-termandpersistentbasis.Thecontrolchan-
nel is usedto exchangeinformationaboutthebanduseactivity in
thearea.Prospective transmitterslisten to the control channelto
getinformationaboutthedatachannelsoccupancy; thiseliminates
theneedto listento theentirewideband.

The only meansby which systemscanexchangeinformation
with oneanotherover thecontrol channelis thedurationof each
others’transmissions,which areperceived only asnoise,andno
informationis exchangedacrosssystemsover the datachannels
definedin the band. A novel transmissionencodingis defined
basedon this basiccontrol-channelfeedbackthatallows systems
to ascertainwhich systemcanusewhich datachannelat which
time,without interference.

The proposedetiquetteis meantfor assignmentof datachan-
nelsto systems,ratherthanindividual stations.Hence,it makes
senseto havethedatachannelsbeof substantialwidth suchas,for
example,to supportOC3 rates. For the

���
- ��� band,this means

thatthenumberof datachannelsis around��� .
Theremainderof thepaperis organizedasfollows: Section2

describestheassumptionsthatwe make for our model.Section3
gives a detaileddescriptionof the control channeland the pro-
posedetiquettebasicoperation.Section4 presentsanalyticaland
simulationresultsshowing that the proposedetiquetteis fair for
all the co-existing systems,fully utilizes the spectrum,provides
boundeddelaysfor data-channelacquisitiontime by any given
system,andprovidesminimum channel-useguarantees.The re-
sultsshow that the etiquette’s useof the availablebandapproxi-
matesthatof anoptimalassignmentof datachannelstoco-existing
systems.Section5 offersourconcludingremarks.3 465�78	�� ��� �9	�:<;"	"�>=6:�:?��@BA���� �9	�:
Throughoutthis paper, thebandfor which theproposedetiquette
is usedis the

�$�
- �$� GHz generalunlicensedband. In our model,

the bandis divided into C data channels(i.e., channelsthat are
usedto transmitdataoncethe channelhasbeenacquired)anda
control channel(i.e.,asmallpredefinedportionof thebandfor the
exchangeof schedulinginformationamongthe systems).In our
model,a systemis a collectionof nodessharingthe samePHY-
andMAC-layerprotocols.Wemakenoassumptionsonthewayin
which a systemallocatesthedatachannelsto its nodesor sched-
ulestheir use.However, we adopta system-level approachin the
operationof theetiquette.Morespecifically, weassumethatasin-
glestationin asystemis in chargeof participatingin theetiquette
activity in thecontrolchannelto obtainusagerightsfor datachan-
nels. We refer to this stationas the etiquettedesignatedstation
(EDS). We notethat theEDSfor a systemneednot alwaysbethe
samei.e.,asystemcanchangeits EDSatwill. Theideaof anEDS
is to ensurethateverysystemis representedonly once,sothatsta-
tionsfrom thesamesystemdonotcompetein thecontrolchannel.
The EDS is alsoin charge of notifying the restof the stationsin
its own systemaboutavailability of datachannels.TheEDSis the
only nodein thesystemthatis allowedto sendreservationsignals
in the control channel,all othernodesin the systemareonly al-
lowedto sendanecho, i.e.,aresponseto suchareservationsignal.

We assumethat no informationis exchangedamongthe sys-
temsover any of the datachannels.Eachsystemis fully inde-
pendentin that its PHY- andMAC-layerprotocolswhich canbe
completelydifferentfrom any othersystem’s PHY/MAC layer.

A uniqueidentifier(ID) isassignedtoeachEDS,whichin prac-
ticecouldconsistof threefields: thedevice’s FCCID number;the
device’s serialnumber;andauser-definablefield.

The control channelis organizedin frames, eachof which is
further divided into periodsmadeup of several slots; the exact
structureof theseis furtherdiscussedbelow. ThenumberC of data
channelsis assumedto bepredefined,andthatnumberdetermines
thelengthof a framein thecontrolchannel.

D E���� F��"5$�G�H5I465�:���
J�KA���� ��	
In general,theetiquettedescribedin this papercanbedefinedas
a specificsetof accessrules that permitsmultiple systemswith
differentPHY andMAC protocolsto competefor channelusage
onechannelat a timeon the

���
- ��� GHzband.

A systemcannotcompetefor a specificchannelbut ratherfor
whichever channelhappensto beavailablenext. A systemcannot
target a specificchannelbut mustusewhichever channelit hap-
pensto acquire.Theallocationof channelsis donein orderanda
systemcannotcompetefor a seconddatachannel,until all other
systemsacquiretheir first datachannel.A systemmaynot bere-
moved from its currentdatachannelif the numberof systemsis
smallerthanthe numberof datachannels.If therearemoresys-
temsthandatachannels,thenthe systemmay be removed from
thedatachannelit hasacquired.

Competitionfor adatachannelis resolvedbywayof acollision-
resolutionalgorithm. This algorithmrequiresthat the activity on
a channel(idle, success,collision) be known to the sender, but
thesendercannotdeterminethis by itself. This is why we intro-
ducetheechomechanism;theEDSof asystemtransmitsacontrol
packet in the control-channelperiodthat canbe understoodonly
by otherstationsof thesamesystem,which canprovide anecho;
othersystemsperceive this asnoise,while the EDS understands
thesignal.

Basedonthechannelorganizationassumptionsdescribedabove,
the proposedetiquetteoperatesover a control channelorganized
into frames. The etiquetteconsistsof framing mechanismsand
mechanismsfor thereservationof datachannels.All this is done
withouthaving thesystemshareacommonPHY-layerprotocol.

Framingis accomplishedusingthetime of transmissionasthe
only feedbackto systems.A framein thecontrolchannelconsists
of a framingsignalfollowedby asequenceof channel-controlpe-
riods. Thereis onechannel-controlperiodfor eachdatachannel,
andthereis a uniquepredefinedassociationbetweena channel-
controlperiodanda datachannel.Theframingsignalconsistsof
atransmissionpatternguaranteedto differ from any patternwithin
andacrossboundariesof channel-controlperiods.

The signalingusedin eachcontrolperiodis basedon the no-
tion that different systemscan only detectsignal durationfrom
oneanother(perceived asnoise),while stationsin the samesys-
temcanactuallyexchangedata.Thus,theactivity on thecontrol
channelwill be in the form of request-echopairs. TheEDS of a
systemwill transmita certaininformationpacket in the control-
channelperiodwhichwill beunderstoodonly by otherstationsof
thesamesystem,whocouldprovideandecho.Othersystemswill
perceive thisasnoise.Of course,if morethanasingleEDStrans-
mit concurrentlya collision occursandeverybodyperceives this
asnoise.

Datachannelsarereservedby meansof requestsmadedynam-
ically by theEDS.Becausesuchrequestsaremadewhenstations
in asystemrequireadatachannel,requestsfrom differentsystems
may occurat the sametime. Although suchcollisionscould be
resolvedusinga randombackoff approachsimilar to whatsimple
MAC protocolsdo (e.g.,ALOHA, CSMA), anetiquettebasedon
suchan approachwould not be stableandcould not guaranteea
maximumdelayfor a systemto acquirea datachannel.Because
of thedesirabilityof providing channel-assignmentdelayguaran-
tees,wedesignedour etiquetteusinga deterministictree-splitting
collisionresolutionalgorithm[2] tailoredfor thecasein whichthe
numberof systemscompetingfor the availabledatachannelsis
finite.

Fig.1showsanexampleof anetiquetteframewith threechannel-
controlperiodssuitablefor abandwith threedatachannels.Let L
bethemaximumpropagationtimefor systemsin theband,andletM bethedurationof a reservationrequest(aswell asthelengthof
anechosignal).Wedefine NPO MBQ L , which is thetime required
for a transmittedsignal to be received. As was indicatedearlier
andastheFig.1 illustrates,theframingsignalandchannel-control
periodsconsistsof slotsof durationN .



δ
4 δ 4 δ 4 δ4 δ

δδ δ δ δ δ δ δ δ δ δ δδδδδ

Success Idle Collision

Channel Control Period

request slots echo slots

3 Channel Control PeriodsFraming Signal

echo signal
request signal

Frame

colliding request signals

δ

Figure1: An exampleof anetiquetteframewith threechannel-controlperiods.

Becausethecollisionresolutionalgorithmusedto resolvechan-
nel requestscan take multiple frames,the framing signalat the
beginningof eachframemustalsospecifywhetheror not anun-
finishedroundof collisionresolutionis takingplacein thepresent
frame.This informsEDSwith new channelrequeststo wait until
thecurrentroundof requestsis satisfied.In theproposedetiquette,
a framing signal consistingof four consecutive slots with jam-
ming(transmissionof asignalby any of thesystems),followedby
two idle slotsindicatesthebeginningof anew collision-resolution
round;This is thecaseshown in Fig. 1. A framingsignalconsist-
ing of threejammingslotsfollowedby two idle slotsindicatesthe
continuationof acollision-resolutionround.

Eachchannel-controlperiodconsistsof four slots. Thesefour
slotsareencodedto inform all systemsof theavailability, assign-
ment,or ongoingcontentionfor the correspondingdatachannel.
Thefirst two slotsof the channel-controlperiodarecontrol slots
usedby systemsto indicatecurrentownershipof, or a requestfor
the correspondingdatachannel.The last two slotsof a channel-
controlperiodareechoslotsusedto provide feedback.D�RS�T�
	"� ��� ;"U � V�� 	"WYX"
J;"@Z5�:
Let C be the numberof datachannelsdefinedon the band. If a
systemwishesto useoneof thedatachannelsits EDSfirst listens
to theactivity on thecontrolchannel.If thechannelis idle for at
least ��C?N seconds(where C is thenumberof datachannelsin the
band)plus the durationof a framing signal,the EDS will senda
framingsignalof duration��N followedby two idle slots( �$N ). This
determinesthebeginningof a new reservation frameaswell asa
new collision-resolutionround.EachEDSrequestingtheuseof a
channelsendsa requestsignalof size M within thefirst slot of the
four slots associatedwith the respective channel-controlperiod.
Therequestsignalis followed by an idle periodof size N . If the
requestwasthe only one, the intendedreceiver within the same
systemwill understandthe signalandsendan echosignalback.
Forall theothersystemsin thenetwork thisrequestsignalis noise,
therefore,they will notsendanechosignal.

Wedenoteby []\"^ ,._a` theencodingusedin any givenchannel-
controlperiod,wherea,b,candd are � or  , dependingonwhether
the correspondingslot is silent (idle) or thereis a signalfrom at
leastonesystem.In termsof thisnotation,astationmustlistenfor[b � � � ?��� ` to detecta new framethatdoesnothave anongoing
roundof requestresolution.Thesignal [c � � ?��� ` indicatesthat
the framehasan ongoingresolutionroundand the stationmust
refrainfrom requestingachannel.

Note thatbecauseany two EDSsarewithin L secondsof one
another, andbecausetheencodingusedin thechannel-controlpe-
riodsprohibitsfour or threeconsecutive jammingslots,all active
EDSsdetectthebeginningof theframeat theendof lastjamming
slot sentby any suchstationfor framingpurposes.Also notethat
astationmustlistenfor anentireframedurationbeforeattempting

to requestany channel.This impliesthata stationknows thestate
of thebandassignmentwhenit makesits request.D�RK3�de� W�	";"U �K	"W0�K	f��g�50hig";�	�	�5�U jGhk��	���
J��U)l85�
m� ���
Eachstationrequestingtheuseof thechannelsendsa requestsig-
nal of size M within the first slot of the four slotsassignedto the
respective channel-controlperiod. The requestsignal is always
followedby anidle periodof size N . If only onesystemrequested
thechannel,oneor multiple receiverswithin thesamesystemun-
derstandthesignalandoneof themsendanechosignalbackin the
third slot of thechannel-controlperiod.For all theothersystems,
therequestsignalappearsasnoisefor which they do not sendan
echosignal. This casecorresponds,therefore,to an encodingof[n ��" �� ` in the channel-controlperiodof the channel. If the
requestwasunsuccessfuldueto a collision of multiple requests,
no stationwill understandtherequestandconsequentlynonewill
respondin theechoslot. This resultsin a channelcontrolperiod
of [o ?����� ` . A channel-controlperiod with an empty signal[p������� ` correspondsto anunuseddatachannel.

We have seenthat a successfulrequestfor a channelis en-
codedby [q ��" �� ` , an unsuccessfulrequestfor the channelis[r ?����� ` andanemptychannelby [s������� ` . It is clearthat,
becausea stationin a systemneedsfeedbackwithin its own sys-
tem,aperiodmustincludeat leasttwo slots,onefor a requestand
onefor theechoto therequest.Thereasonwhy four slotsareused
to encodeeachchannel-controlperiodis thata systemmustalso
convey thefollowing additionalinformation:2 Thecode []���� ?� ` is usedto signalthatthecorresponding

datachannelis busy but was not the last datachannelin
the bandto be reserved. This is importantin the collision
resolutionalgorithmasdescribedlater.2 The code [t�����" ` signalsthat the correspondingdata
channelisbusyandit wasthelastdatachannelin thebandto
bereserved. OtherEDSswill attemptto reserve datachan-
nelsstartingwith the next datachannelin the band. This
codetells EDSswishing to requesta channelto start their
bidsonthenext channel.As soonasanew lastdatachannel
is reserved the EDS changesthe codefrom [u������ ` to[p���� ?� ` in thenext frame.

In addition, becauseof the needto guaranteeuniquenessof
the framing signal,no sequenceof channel-controlperiodsmay
containa codeof [v � � � ` , [v � � ?� ` , or [w�� � � ` whichare
prefixesof framingsignals.This is achievedby having thesecond
slotof achannel-controlperiodalwaysbe0.

Oncea systemacquiresa channelit cankeepusingit aslong
asit needsit or until it is challengedby anothersystem.A sys-
temthathasacquireda channelmustsendanechosignalin each
subsequentframeto ensurethecontinuinguseof suchchannel.If



no echosignal is sentothersystemsarefree to make useof the
datachannel.If thecurrentsystemis challengedby anew system,
the new systemsendsa requestsignal. The old systemnotices
the requestsignal, i.e., it is awareof a signal in the requestslot,
andrefrainsfrom emittinganechosignal. Sincethenew system
understandsthe requestsignalandsuchsignalwasnot interfered
by the old system,an echosignalreservingthe channelis trans-
mitted. If two or moresystemssenda requestsignalwithin the
sameslot, noneof the systemswill understandit, therefore,no
echowill be sent. Eachsysteminvolved in the collision will se-
lect a new channelamongthe free channels.If all the channels
arebusy, thesystemmustselectrandomlyamongoneof thebusy
channel-controlperiods.D�R D xy5�:���U z��K	�WIhig";"	�	�5�U)xy5�F9��5�:H�H:Phk��	�{8� ���H:
Becausea singleEDS in eachsysteminteractswith EDSsfrom
othersystems,we describehow channelrequestsareresolved by
referringto asystemmakingtherequest,ratherthantheEDSs.

In the proposedetiquette,a systemthat requiresaccessto a
datachannellistensto the control channelfor an entireframeto
ascertainthestateof theband,i.e., which datachannelsarefree,
whetherthereis an ongoingresolutionof channelrequests,and
whichwasthelastdatachannelto beassigned.

Eachsystemis assigneda uniqueidentifier, and maintainsa
stack,and two variables( |i}$~��"� and �0���"� ). |i}$~��"� is ini-
tially thelowestID and �0�J�"� thehighestID givento any system.
Together, they constitutetheallowedID interval thatcanattempt
to reserveachannel.If theID of asystemis notwithin theallowed
interval, it cannotrequestachannel.Thestackis simply astorage
mechanismfor ID intervals that arewaiting to get permissionto
requestachannel.

Initially, all channelsare free and thereis no activity in the
controlchannelor in thechannelscorrespondingto eachchannel-
controlperiod.

Whenapassive systemrequiresa channel,it first listensto the
controlchannel.Whentheframingsignalis detected,it listensfor
theentireframe,andrecordsthestateof eachof the C channels.If
thecontrol channelis idle (i.e., no framingsignalis found) for a
periodequivalentto thesizeof aframe( ��C?N Q ��N Q �$N seconds)the
systemtransmitsa framingsignal.Theframingsignaldetermines
thebeginningof theframe.

When a systemattemptingto reserve a channeldetectsthat
thereis anunfinishedroundof channelrequestresolution,which
is detectedwhen the framing signal is [t � � ?��� ` , the system
waitsuntil it readsanentireframestartingwith a framingsignal[� � � � ���� ` indicatingthat theprior channelallocationrequests
have beenresolved. Startingwith thefirst channel-controlperiod,
all systemswishingto acquirea channeltransmita requestsignal
in the first slot (the requestslot) of the first channel-controlpe-
riod leaving the next slot idle. The senderthenwaits andlistens
to the channelfor oneslot for an echosignal. An echosignal is
transmittedby oneor multiple stationsin thesamesystemonly if
therequestsignalis heardfreefrom errors.This is thecaseif the
systemis the only onethat transmitteda requestsignal. If noise
is detectedin therequestslot theechoslot is left idle. An empty
echoslot is interpretedby therequestingsystemsasa collisionof
channelrequests.

If an echosignalis received, the systemacquiresthe channel
andbeginstransmittingits datain thecorrespondingdatachannel.
Thesystemhasunlimiteduseof theband,until it is challengedby
anothersystemor until it doesnotneedthechannelanymore,after
which the systemreleasesthe channelby stoppingthe transmis-
sionof requestandechosignals. As long asa systemmaintains
accessto a datachannel,it transmitsthe code [r���" �� ` in the
correspondingcontrolperiodof eachframeif thedatachannelwas
not thelastchannelassignedduringthelastresolutionround,and
transmitsthecode [w������ ` otherwise.Thispermitsall systems
thatneedaccessto anew datachannelto begin their requestswith
the next unuseddatachannelfollowing the datachannelwith a

controlperiodhaving acodeof []�����" ` . An unuseddatachan-
nel is onefor which its control periodhada codeof [�������� `
(empty)or [v ������ ` (a collisionof two or morerequestsandno
currentsystemin thechannel)in thepreviousframe.

If thesenderof a requestsignaldoesnot receive anechodur-
ing theechoslot, thesenderandall othersystemsparticipatingin
the etiquetteknow that a collision of requestshasoccurred. As
soonasthefirst collision takesplace,every systemdividestheID
interval ��|k}$~��"�����0���"��� into two ID intervals. Thefirst ID in-
terval is ��|k}�~��"���H|k}�~��"� Q��'���S���i�������e���/ �Z�  '� , which we
will call the backoff ID interval, while the secondID interval is��|k}�~��"� Qb� ���S���i�������e���/ � �G�0�J�"��� andis calledtheallowedID
interval. EachsystemupdatesthestackbyexecutingaPUSHstack
command,wherethekey beingpushedis thebackoff ID interval.
After this is done,thesystemupdates|k}�~��"� and �0���"� with the
valuesfrom the allowed ID interval. This procedureis repeated
eachtimeacollision is detected.

Only thosesystemsthatwereinvolvedin thefirst collisionare
allowedinto thecollision-resolutionphase.All othersystemsare
in REMOTEstateandsimplykeeptrackof thestatefor eachchan-
nel,aswell astheallowedID interval andthebackoff ID interval.
A systemremainin REMOTE stateremainsin this stateuntil all
collisionsareresolvedfrom thepreviousround.

Collision resolutionof requestsevolvesin termsof collision-
resolutionintervals,of which therearethreecases:idle (i.e.,code[q������� ` ), success(i.e., code [t ��� ?� ` ), or collision inter-
val (i.e., code [� ������ ` ). In the first interval of the collision-
resolutionphaseall systemsin theallowedID interval thatarein
the REQUEST statetry to retransmita requestsignal. If none
of the systemswithin this ID interval requestthe channel(i.e.,
code [�������� ` ), a new updateof the stackandof the variables|k}�~��"� and �0���"� is due. Eachsystemexecutesa POPcom-
mandin the stack. This new ID interval now becomesthe new�0���"� and |k}�~��"� . The sameproceduretakesplaceif, during
the first collision-resolutioninterval, only onesystemis request-
ing the channel;the originator receives the echosignal (i.e., the
code [b ?�� �� ` occurs)andthesystembeginstransmissionin the
assignedchannel. The third caseof a collision-resolutioninter-
val is for multiple systemsto requestthe samechannel,causing
a collision (i.e., code [� ������ ` ). Thesystemsin theallowedID
interval areoncemoresplit into two new ID intervalsandthestack
aswell asthevariablesfor eachsystemis updated.

Theetiquetterepeatstheabovesteps,until all therequestshave
beenresolved. Noticethat,assoonasthebackoff stackbecomes
emptyandthereareno valuesin theallowedinterval, all systems
know thatall thecollisionsof channelrequestshavebeenresolved
for the of requestsresolutionanda new roundcanstart, if there
aresystemsthatrequiredatachannels.D�R � E9�$;"@BA�U 5��"����g"5>E���� F��"5$�G�H5�� :P ¡A�5�
�;���� ��	
Weillustratetheetiquette’s operationusingasimpleexample(see
Fig.2) with four systemslabeled¢¤£G£ , ¢¤£.¥ , ¢¦¥J£ , and ¢¦¥G¥ , andthree
channel-controlperiodsper frame, labeled C� , C'� and C�� . The
framing signals(i.e., [§ � � � ?��� ` and [n � � ���� ` ) are omit-
ted for simplicity andwe consideroneroundof collision resolu-
tion. We alsoassumethatoncea datachannelis busy it remains
busy until it is challengeby anothersystem.Becausethe exam-
ple assumesthebeginningof a new request-resolutionround,the
backoff stackis emptyandtheallowedID interval containsall the
systemsin thenetwork, i.e., theallowedID interval is �¨¢ £G£ �G¢ ¥G¥ �
(Step0 in Fig. 2).

At theendof theprevious request-resolutionroundin theex-
ample,systems¢ ¥G¥ and ¢ ¥J£ haveacquiredchannelsC�� and C� re-
spectively (Step0 in Fig.2). Basedonthestateof thechannels,all
systemsknow thatthechannelC� wasthelastdatachannelin the
bandto bereserved(code []���� ?� ` ), while channelC�� wasbusy
but wasnot thelastdatachannelin thebandto bereserved(code[p���" �� ` ). If all channelsarebusy, thenext contentionchannelis
thenext datachannelafter thechannelwith code [©�����" ` . On
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Figure2: An etiquette’s operationfor four systemswith threechannel-controlperiods.Thestateof the last roundis illustratedin step0;
systems¢ ¥G¥ and ¢ ¥J£ haveacquiredtwo outof thethreeavailablechannels;systems¢ £G£ and ¢ £.¥ requestachannelin thenext round.

the other hand, if thereare datachannelsthat are not currently
busy (code [ª������� ` ) or with an unsuccessfulrequest(code[� ������ ` ), the next contentionwill be donein the next empty
or unsuccessfulrequestchannelfollowing the datachannelwith
code [������� ` . Therefore,the next contentionin our example
occursin channelC'� .

After theframingsignal [c � � � ?��� ` is transmittedby all the
active participatingsystems,all systemsnoticethebeginningof a
new request-resolutionround. System¢k¥G¥ continuessendingthe
echosignal in C� (code [«�����" ` ), indicatingthat the channel
is still in use. Systems¢¤£G£ and ¢¤£.¥ usechannelC'� to requesta
datachannelsincebotharein theallowed ID interval. Although
systems¢ ¥J£ and ¢ ¥G¥ arewithin the allowed interval they do not
participatein the contentionof channelC'� becausethey already
have acquireda datachannel. The first collision in channel C$�
occurs(Step1 in Fig. 2) with systems¢ £G£ and ¢ £.¥ eachsending
a requestsignal. If the requestwasunsuccessfuldueto a colli-
sionof multiplerequest,no feedbackexists(i.e.,correspondingto
code [� ������ ` ); the backupstackandthe allowed ID interval
areupdated. Systems¢¤£G£ and ¢¤£.¥ are membersof the backoff
ID interval; therefore,they bothareon hold, they mustwait until
thecollisionsin theallowed ID interval areresolved. In thenext
frame,systems¢ ¥J£ and ¢ ¥G¥ areallowed to requestdatachannelC'� . Finally, theunsuccessfulrequestin channelC'� is followedby
anechosignalfrom system¢ ¥J£ (code [©���� �� ` ) in channelC�� ,
terminatingthefirst frame.

Thesecondframeis initiatedwith thesignal [¬ � � ?��� ` trans-
mittedby all theactive participatingsystems.System¢ ¥G¥ contin-
uessendingtheechosignalin thefirst channel-controlperiod C� 
(code [¬������ ` ). In thenext channel-controlperiod, C'� , anidle
periodoccurs(code [p������� ` , seeStep2 in Fig. 2), becausesys-
tems ¢¦¥J£ and ¢¦¥G¥ arein the allowed ID interval but do not need
to requestthe channel.At theendof the channel-controlperiod,
all systemsnoticethatthecodewas [w������� ` , whichmeansthat
therewereno collisions; accordingly, the systemsin the system
mustupdatetheir intervals and the stack. They executea POP-
stackcommandandthenew allowedinterval is �¨¢ £G£ �G¢ £.¥ � (Step2
in Fig. 2). The idle channel-controlperiodfor channelC'� is fol-
lowedby anechosignalfrom system¢ ¥J£ (code [p���" �� ` ) in theC�� channel-controlperiod,terminatingthesecondframe.

Thethird frameis initiatedwith theframingsignal [¬ � � ?��� `
transmittedby all the active participatingsystems. System ¢ ¥G¥
continuessendingtheechosignalin thefirst channel-controlpe-
riod C� (code [������" ` ). In the secondchannel-controlperiod
bothsystems¢¤£G£ and¢¤£.¥ transmitanechosignal(Step3 in Fig.2)
andanothercollisionoccurs.Becauseacollisionoccurred,theal-
lowed ID interval is split, i.e., system¢ £.¥ is within the allowed

interval while the ¢�£G£ systemmustwait, its interval is the top of
thestack.Thethird frameterminateswith system¢¦¥J£ sendingthe
echosignalin thethird channel-controlperiod C�� .

Thefourth frameis initiatedwith thesignal [© � � ���� ` trans-
mittedby all theactive participatingsystems.System¢ ¥G¥ contin-
uessendingtheechosignalin thefirst channel-controlperiod C� 
(code[p������ ` ). Sincein thesecondchannel-controlperiodonly
onesystemis is in the allowed ID interval, system¢ £.¥ acquires
channelC'� (code [­ ��� ?� ` in Step4 in Fig. 2). At the endof
thechannel-controlperiodthesystemsdo anupdate,i.e., a POP-
stackcommand.System¢¤£G£ is the new allowed ID interval and
thebackupstackis empty. Thefourth frameterminateswith sys-
tem ¢¦¥J£ sendinganechosignalin thethird channel-controlperiodC�� . All threechannelsarebusy, therefore,the next contentionis
donein thechannel-controlperiodfollowing thecode [v ?�� ?� ` .
In theexamplethecontentionis continuedin C�� becauseC'� was
thelastbusydatachannelto bereserved.

Thefifth frameis initiatedwith theframingsignal [b � � ���� ` .
System¢ ¥G¥ continuessendingtheechosignalin thefirst channel-
controlperiod C� . BecauseC� is no longerthelastdatachannelto
bereservedthecode[p������ ` is replacedby thecode[p���� �� ` .
In the secondchannel-controlperiodsystem¢¤£.¥ sendsthe echo
signal [p�����" ` insteadof code [¬ ?�� ?� ` . In thethird channel-
control periodSystem¢¤£G£ canrequestandacquiredatachannel
(Step5 in Fig. 2). At the endof the third channel-controlperiod
the systemsdo an update,i.e., a POP-stackcommand.Both the
backupstackandthe allowed ID interval areempty. The termi-
nationof thecollision-resolutionphaseis determinedby anempty
stackandanemptyallowedID interval. Thesystemsemptytheir
stacksandupdatetheallowedID interval permittingall systemsto
contendin thenext request-resolutionround.� E���� F��"5$�G�H5Il¤5�
����"
m@Z;"	"�$5
In this sectionwe show that theperformanceof theproposedeti-
quetteapproachesthat of an optimal assignmentof channelsto
systemsfrom thestandpointof datachannelutilization. Weobtain
alowerboundontheetiquette’sthroughput.Webegin ouranalysis
by finding the averagenumberof stepsrequireduntil

-
channel

requestareresolved. A stepis defineasa channelcontrolperiod
(idle, success,collision) andhasthelengthof ��N . We thenderive
thethroughputof any givensystem.
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Let therebe ¢ systemsin thenetwork, eachwith adistinctID and-´³ ¢ of the systemsrequestonedatachanneleach. The total
numberof datachannelsavailableis C andareassumeempty, i.e.,
unused.All

-
systemscompetefor thefirst channelandsequen-

tially continuein the next data-controlperiodasdescribein the
examplein Section3.4,until all the

-
requestsareresolved.

Theorem 1 Let there be
-§`  requestsfor channelassignment

from
-

distinctsystems(onerequestper system)andlet there be¢ ` O - maximumnumbertotal systems,thentheaverage num-
ber of stepsrequired until all

-
channelsrequestsare resolved

is µ°¶ ·�¸m¹<ºe»½¼¾ ¿ À�Á
Â0ÃÄ6Å ¿SÆ ÂmÇ ¿ÈÆÂ�ÉÄ Æ Ê µË¶ÍÌ ¸m¹pÎaÏSº"Ð µË¶ÒÑ ¸JÏÓº�ÐËÔGÕ (1)

where Ì » Ö
·�×.Ø�Ù ; Ñ »>·ÚÎ Ì »>·ÚÎÛÖ
·�×.Ø�ÙÜ½» Ý�Þ if ¹bß Ì¹pÎ Ì if ¹bà Ìáâ» Ý ¹ if ¹¬ß ÑÑ
if ¹¬à Ñ

Proof: We definea stepasa channelcontrolperiodof size ��N . It
is trivial thatfor all ¢äã� , å��¨¢¦����� and åf�¨¢¦�? �� equal  , i.e.,we
needin eachof thesecasesonestep. If we have in total two sys-
temsandbothsenda requestsignalwithin thesamerequestslot,
theaveragenumberof stepsis åB�J�"������O�� , onefor thecollision
andtwo for thetwo successfulrequest/echoexchanges.

With this initial conditionsandfollowing the tree-splittingal-
gorithmwe arein a positionto find the averagenumberof steps
for åB��������� . Since

- O�� we have to split the threetotal num-
ber of systems( ¢�Ot� ) into two splits ærOo� and ç�Oè re-
spectively. Therefore,we caneitherhave � systemsrequestinga
channelin the æ -split andnonein the ç -split; or  systemin theæ -split and  in the ç -split. Theprobabilitythat � systemsrequest-
ing a channelarein the æ -split while the remaining � requesting
systemsarein the ç -split is given by éëê"�J�íìËæk��îÛ���íì�ç)�Hï>O�Íðð �.�Jñò ��¨óð � andtheprobability that  systemsrequestinga channelis

in the æ -split and  requestingsystemsis in the ç -split is given

by éôê��È <ì�æk�¤îÛ���Zìfç¦�HïPO ��ð ñ �.�mññ ���óð � . For eachof thesecasesthe

probabilityof thesplit mustbemultiply by theaveragenumberof
stepsfor theright split plustheaveragenumberof stepsfor theleft
split plusonestepfor therootof bothsplits.Therefore,µ²¶Sõ ¸mØ.ºª» ñ¾ ¿ À ò

Â ðð Å
¿SÆ Â ñ ¿�ÆÂ óð
Æ Ê µË¶ Ø'¸ÈØkÎaÏSº"Ð µË¶ Ô?¸öÏSº"Ð�ÔÈÕ (2)

We assumethat, for all æ and ç , the averagenumberof stepsåB�¨æ÷� - � and åB�Íç�� - � areknown. If ¢ is even, æëOwçYOuø / ; oth-
erwise,çÛOwæ �  . Theprobabilitythat

- � � systemsrequesting
a channelarein the æ -split while the remaining� requestingsys-
temsarein the ç -split is givenby éôê�� - � ��ìËæk�yîI�¨�iìËç¦�HïPO� ÃÄ²Å ¿ ��� Ç ¿ �� ÉÄ � . Therefore,the averagenumberof stepsfor this spe-

cific split, i.e.,
- � � systemsin the æ -split and � systemsin theç -split is equal to the averagenumberof stepsfor the æ -split,

plustheaveragenumberof stepsfor the ç -split, plusonestepfor
the root of both splits, timesthe probability of sucha split, i.e.,� ÃÄ²Å ¿ ��� Ç ¿ �� ÉÄ � Ê å]�¨æ÷� - � �m� Q å]�Íçi�G�m� Q  Õ .

For theaveragenumberof steps,åf�¨¢¦� - � , weneedto consider
the costaswell asthe probabilityof eachof the possibleæ - andç -splits.Therefore,µ²¶ ·e¸m¹<º » Â ÃÄ6Å Á Æ Â Ç Á ÆÂ ÉÄ Æ Ê µ�¶ÍÌ ¸m¹pÎaÜ�º�Ð µf¶ÒÑ ¸öÜ�º"ÐËÔGÕiÐ0ùKùKù

ùKùKù Ð Â ÃÄ6Å ¼
Æ Â Ç ¼
Æ

Â�ÉÄ Æ Ê µf¶ÓÌ ¸m¹pÎaá'º�Ð µf¶ÒÑ ¸öá$º"ÐËÔGÕ
(3)

Therearethreepossible
&

- ú combinations.First, if
-û³ æ

and
-§³ ç , then

& Oc� and ú�O - . In thesecondcase,
-§³ æ

and ç�[ - ; therefore,
& O�� , while úwO�ç . Finally, if

-
is

greaterthanboth æ and ç , then
& O - � æ and úBO]ç . Notethat

theparameter
-

cannotbe
` æ and

³ ç at thesametimebecauseç ³ æ ; accordingly, thiscaseis excluded.Thesumof theaverage
numberof stepsfor eachof thepossiblesplitsyieldsEq (1).

Theorem 2 Startingwith C emptychannelsand
-

out of the ¢
total numbersystemsrequestingthe useof a channel, the total
numberof channel-control periodsrequireduntil the ü th success-
ful request/echo signalexchange isµ²¶ ·e¸m¹í¸öý�º8» Ä6Å�þ¾ ¿ À�Á

Â0ÃÄ6Å ¿ Æ ÂJÇ ¿ ÆÂ�ÉÄ Æ Ê µ°¶ÓÌ ¸m¹pÎZÏJ¸Èý�º�ÐËÔÈÕiÐ
¼¾¿ À Ä6Å�þ�ÿ ñ

Â ÃÄ6Å ¿ Æ Â Ç ¿ ÆÂ$ÉÄ Æ Ê µ6¶ÍÌ ¸È¹äÎaÏ�¸ö¹äÎaÏSº�Ð µ°¶ÒÑ ¸JÏJ¸öÏ�Ðfý6Îa¹<º"ÐËÔGÕ
(4)

Proof: It canclearlybeseenthat if all ü successesarewithin theæ -split thestepsin the ç -split canbedroppedaltogether. There-
fore, if westoptherecursionin Eq.(1) assoonasthe ü th success-
ful request/echosignalexchangeis achieved, thanEq. (1) canbe
rewrittenasEq.(4).

If we set ü0O  in Eq. (4) we gettheaveragenumberof steps
up to thefirst successfulrequest/echoexchange.µ ¶ ·e¸m¹í¸ÈÔHºe» Ä²Å ñ¾ ¿ À�Á

Â ÃÄ6Å ¿ Æ Â Ç ¿ ÆÂ ÉÄ Æ Ê µ²¶ÍÌ ¸m¹pÎaÏ�¸ÈÔ�º�Ð�Ô Õ Ð
¼¾ ¿ À Ä
Â ÃÄ6Å ¿ Æ Â Ç ¿ ÆÂ ÉÄ Æ Ê µ²¶ÍÌ ¸m¹pÎaÏ�¸m¹pÎaÏSº�Ð µ²¶
Ñ ¸mÏJ¸mÏ�ÐËÔ)Îa¹<º"ÐËÔGÕ

(5)

Accordingto theetiquette,if all the C channelsarebusy, each
of the

-
originalsystemsrequestingachannelcontendin thesame

channel-controlperiod. The collision-resolutionstepsare exe-
cutedin eachconsecutive channelcontrolperiodallocatingchan-
nelsastheresolutionprogresses;therefore,thenumberof channel
controlperiodsneededuntil all

-
systemsareallocatedachannel

is givenby Eq.(1).�eRK3 E���� F���5��G�H5�� : � g�
����"W�g�A����
Wedefinetheaveragethroughputof adatachannelin thebandas

� » �

¿ É
�

¿ É Ð �����	� (6)

where
 � ø is theaveragebusyperiodfor any givensystem,i.e.,the
amountof time during which the systemis usingthe channelto



transmitdata.
 ����
 is theaverageacquisitiondelay, i.e.,theaverage
interval betweentwo consecutive busy periods. 
 � ø canalsobe
visualizedas the averagedurationa systemspendsin a channel
beforeit is forcedto releasethe channel,and 
 ����
 is the access
delayor the averagedurationthat it takesa systemto acquirea
channel.

Wewill first assumeanetwork with C datachannelsand ¢ total
numberof systems,out of which

-
systemscompeteto acquirea

channel.Weassumethatasystemcanatmostacquireonechannel
atany giventime. In thefirst partof theanalysisweareinterested
in knowing theaveragenumberof framesrequireduntil all C chan-
nelsarebeinguseif we have

-
new systemstrying to acquirea

datachannelfor thecasethatwe startwith all C channelsfreeof
users.

For all ¢�ã - ãqüvãt , Theorem2 determinesthe aver-
agenumberof stepsåB�¨¢k� - �Hü�� requiredfor up to ü successful
request/echoexchanges,while Theorem1 determinestheaverage
numberof steps åB�¨¢¦� - � requireduntil all

-
collisionsare re-

solved.Therefore,becausethereare C stepsperframe,theaverage
numberof frames�Ë�¨¢¦� - �HC'� requireduntil all

-
systemsareas-

signedachannelis
�
¶ ·�¸m¹í¸��Gºe»]Ö µ°¶ ·�¸È¹¡ºm×��GÙ if ¹¬ß�� (7)

We cancompare�0�¨¢¦� - ��C'� to the optimal casein which all-
systemsareassigned

-
channelsin exactly

-
steps.Theop-

timal caseassumesthatthereareonly successfulrequest/echoex-
changes.Therefore,the total numberof framesrequiredfor the
optimalcaseis

�
¶ ·e¸m¹í¸��Gºe»]Ö
¹Ú×��ÈÙ if ¹¬ß�� (8)

Fig. 3 shows theresultsfor theanalysisaswell asthesimula-
tion. In thesimulation,thetotalnumberof systemsin thenetwork
( ¢ ) wassetto  ?��� andthenumberof channels( C ) wassetto ��� .
Startingwith C empty channels

-
randomsystemsrequesteda

datachannel. For each
-

,  ?��� trials weresimulated,eachwith-
differentsystemsrequestinga datachannel.For eachtrial we

kept track of: (a) the acquisitiondelay, i.e., the time (measured
in frames)requiredfor eachrequestingsystemto acquirea data
channel;(b) thebusyperiod,i.e., thetimeagivensystemusesthe
datachannelbeforeit releasesthechannel;and(c) thethroughput,
i.e.,theratioof timethegivensystemis busyversusthetotal time.

As shown in Fig. 3, the proposedetiquetterequirestwice the
numberof framescomparedto theoptimaletiquette.Theoptimal
etiquettewould allocatethe requestin a strictly linearnumberof
steps.It is a theoreticallowerboundandrepresentsthebestpossi-
bleperformance.

In the secondpart of the analysiswe areinterestedin finding
boundson the delaysfor data-channelacquisitionby any given
system.We assume

- Q C systemscompetingfor C channelsat
any given time. Systemsthat loosetheir channelwait until the
endof the currentcollision-resolutionroundandtry againin the
next collision-resolutionround.Assoonasthecollision-resolution
roundis over all thesystemsthat lost their channelscompetefor
a spot.We assumethat in every collision-resolutionroundall theC channelsarebeingusedandthat

-
systemscompeteto acquire

a channel,i.e., in eachcollision-resolutionround
-

new systems
enterreplacing

-
old systems. The old systemscontendfor a

channelin thenext collisionresolutionroundaccordingto theeti-
quetterules.

Let � denotethe numberof full collision-resolutionrounds
from thetimeasystemacquiresachanneluntil it loosesthechan-
nel, and ü an integer from  to

-
denotingthe request/echoex-

changein which the given systemacquiresthe channel. There
canbeat most

-
request/echoexchangespercollision-resolution

round,and ü�� denotesthe numberof successfulrequest/echoex-
changesin the last collision-resolutionroundbeforea given sys-
temloosesthechannel.Let usalsodefine
 � ø astheaveragetime
any givensystemusesa channelbeforeit mustreleaseit, i.e., the

averagebusyperiod. The throughputof any given systemis ob-
taineddirectly from thefollowing two theorems.

Theorem 3 For
- Q C systemsin a networkthe average busy

periodfor anygivensystemgiventhat
- ³ C is

�

¿ É » Ô¹ Ä¾ þ À ñ
¶ Ô¤Ð���º µ6¶ ·�¸m¹<º�Î µ°¶ ·�¸ö¹P¸Èý�º�Ð µ°¶ ·�¸ö¹P¸Èý	�Sº (9)

Proof: Assumethat all the C channelsarebusy anda given sys-
temacquiresachannelatthe ü th successfulrequest/echoexchange
within a collision-resolutionround of length åB�¨¢¦� - � steps. If-®³ C , C successfulrequest/echoexchangesmust take place
beforethe systementeringat ü th successmust give up the re-
served channel. This is true sincethe collision-resolutionalgo-
rithm persistsin thesamechanneluntil a successis achieve mov-
ing to the next channel-controlperiod. Therefore,at the endof
thefirst collision-resolutionround å��¨¢¦� - � � åB�¨¢¦� - �Gü�� frames
later we have hat

- � ü new systemsacquiringa channel,i.e.,
we still have C � - Q ü systemsrequestinga channelbefore
the ü th systemhasto releasethe channel. Therefore,thereare
�fO � �JC Q ü � - �  '� *'- � collision-resolutionroundsin between
thefirst round(whenthegivensystemacquiredachannel)andthe
lastcollision-resolutionround(whenthegiven systemloosesthe
channel).ü�� is deterministicandis a functionof ü and C . It canbe
expressas ü��)O©C Q ü � �È Q �8� - . Therefore,for a given ü , 
 � øcanbewrittenas

�

¿ É » ¶ µ°¶ ·�¸m¹<º�Î µ²¶ ·�¸m¹í¸öý�º�º�Ð��
µ²¶ ·e¸m¹<º"Ð µ°¶ ·�¸m¹í¸öý	�Óº (10)

Thevaluefor 
 � ø canbefoundby averagingoverall thepossi-
ble ü valueswhich is givenby Eq.(9).

Eq. (9) is boundedby¶ Ô8Ð���º µ6¶ ·�¸ö¹¡º Î µ²¶ ·�¸m¹í¸m¹<º"Ð µ°¶ ·�¸m¹í¸ÈÔ�ºyß �
¿ Éß ¶ Ô¤Ð���º µ6¶ ·e¸m¹<º�Î µ°¶ ·�¸m¹í¸ÈÔ�º"Ð µ°¶ ·�¸ö¹P¸ö¹¡º

(11)

In Fig.6 theaveragebusyperiod 
 � ø measurein framesis plot-
ted.

Theorem 4 For
- Q C systemstheaverage interval betweentwo

busyperiodsfor anygivensystemgiventhat
- ³ C is boundedbyµ°¶ ·�¸m¹í¸ÈÔ�º"ÐËÔ6ß � ���	� ßËØ µ²¶ ·�¸m¹<º�Î µ°¶ ·�¸ö¹P¸GÔHº"Ð�Ô (12)

where 
��! ���"
 O¬� åf�¨¢¦� - � � åB�¨¢¦� - �. �� Q  s theupperboundfor
theaverage intervalbetweenbusyperiods.

Proof: Assumethatafterthe ü thsuccessfulrequest/echoexchange
within a collision-resolutionround the given systemloosesthe
channel.Thegivensystemmustwait until theendof thecollision-
resolutionroundbeforeit canmake a request,i.e., it must waitåB�¨¢¦� - � � åB�¨¢k� - �Hü�� frames. In the next collision-resolution
roundthegivensystemwill acquireachannel,whereü � canrange
from  to

-
. An extraframemustbeaddedsinceonceasuccessful

request/echoexchangehastaken the given systemmustwait un-
til theendof theframebeforesendingits datausingthechannel.
Therefore,

�����	� » µ6¶ ·�¸m¹<º�Î µ°¶ ·�¸ö¹P¸Èý�º�Ð µ°¶ ·�¸ö¹P¸Èý	�Sº�Ð�Ô (13)

Thelower boundcanbefoundby setting ü0O - and ü � O� .
Respectively, theupperboundcanbefoundif ü�Os and ü � O -
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aresetin theaboveequation.Therefore,
 ���"
 is boundedaccording
to Eq.(12).

In Fig.5 theacquisitiondelay
 ����
 measurein framesisplotted.
Given 
 � ø in Theorem3, 
 �! ���"
 in Theorem4 for

- Q C systemsin
a network and

-â³ C , the throughputfor any given systemis
boundedby

$ ß �

¿ É
�

¿ É Ð ��%'&���	� (14)

Fig. 4 showssimulationresultsandtheboundsfor thethroughput.

( hk��	"��U ��:�� ��	
We have proposeda specificsetof accessrules(“SpectrumEti-
quette”) for the general

�$� � ��� � � � GHz band. The proposed
etiquettepermitsheterogeneoussystemsto co-exist with onean-
otherby meansof transmissionsover a control channelusedto
establishcollision-freetransmissionschedulesover the channels
allocatedfor datatransmissionwithin the

���
- ��� GHz band. The

etiquetteconsistsof framingandsignalingrulesthatallow systems
with differentPHY protocollayersto communicate,anda request
resolutionalgorithmthatassignsdatachannelsto systemswith a
performancethat is closedto optimumunderany loadof channel
assignmentrequest.
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